A new method to extract and purify DNA from allophanic soils and 28 paleosols, and potential for paleoenvironmental reconstruction and other applications. 
Final pre-publication version 9 April 2016. re-adsorption sites on the allophanic materials, and (2) the novel application of acidified ammonium 50 oxalate (Tamm's reagent) to dissolve the allophane and to release DNA which had been chemically-51 bound and also which had been protected within nanopores. Ammonium oxalate has not previously 52 been applied to soil DNA extraction. DNA yields up to 44.5 µg g -1 soil (oven-dry basis) were 53 obtained from three field-moist natural allophanic soil samples from northern New Zealand using 54 this two-step method. Following extraction, we evaluated different DNA purification methods. Gel 55 electrophoresis of the extracted DNA followed by gel purification of the DNA from the agarose gel, 56 despite some DNA loss, was the only purification method that removed sufficient humic material for 57 successful DNA amplification using the polymerase chain reaction (PCR) of multiple gene regions.
58
Sequencing of PCR products obtained from a buried allophanic paleosol at 2.2-m depth on a sandy
59
Holocene tephra yielded endemic and exotic plants that differed from the European grasses growing 60 currently on the soil's surface. This difference suggests that the DNA extraction method is able to 61 access (paleo)environmental DNA derived from previous vegetation cover. Our and its potential applications including paleoenvironmental reconstruction, form the main focus of 106 this paper.
107
The key roles of allophane and organic matter in DNA adsorption and extractability are 108 summarised before we outline the basis of our new approach to extract and purify DNA from 109 allophanic soils or paleosols (section 2). Our extraction method was developed using initial 110 experiments involving associations of synthetic allophane and salmon-sperm DNA with/without 111 bead-beating and is based on firstly extracting microbial DNA and blocking adsorptive sites on 112 allophanic materials, and then releasing (rather than displacing) additional DNA bound to allophane (1-2)SiO2·Al2O3·(2-3)H2O (Abidin et al., 2007; Harsh, 2012 the total) to be preserved (Huang et al., 2016) .
149
Furthermore, the abundant organic matter in Andisols is also highly adsorptive and has a 150 strong affinity for DNA (Saeki and Sakai, 2009 constraints imposed in the milieu of natural soil microenvironments (Churchman and Lowe, 2012) .
229
Because allophane spherules are heat-sensitive (Woignier et al., 2007) , the synthetic product was 230 frozen quickly with liquid nitrogen, followed by freeze-drying for subsequent analysis. June 1886. With a clay content of ~20% (Parfitt et al., 1981) , the clays in this deposit include interstratified 269 montmorillonite/mica, montmorillonite, mica, kaolinite, and mordenite, as well as allophane (Kirkman, 1976) . 270 b Sand fractions (0.0632 mm) were determined by wet sieving, oven drying, and weighing (Green, 1987 Modern root growth was observed through all horizons and tephra layers of the profile; the 290 current land surface underlies roadside pasture. Therefore, samples were sieved through a 2-mm 291 mesh to remove gravel and visible plant roots, and the <2-mm fractions were thoroughly 292 homogenised and stored at field-moist conditions in plastic bags at 4 °C prior to analysis. Moisture 293 contents (to enable analyses to be expressed on an ODS basis) and pH were measured using the 294 methods described by Blakemore et al. (1987 Three independent one-step extraction methods were initially applied to the previously 302 prepared synthetic allophanesalmon-sperm-DNA complexes, and to the natural allophanic soils on 303 tephras (Taupo, Whakatane and Rotoma): (1) alkaline lysis buffer, (2) alkaline lysis buffer with 304 bead-beating, and (3) ammonium oxalate extraction. Subsequently, we applied a two-step DNA 305 extraction method using the alkaline lysis buffer followed by ammonium oxalate extraction to both thermomixer. For the synthetic allophane, the supernatant was collected by centrifugation at 10,000 320 the natural allophanic soil samples, followed by vigorous mixing, 10 min shaking, and centrifugation 323 at 10,000  g for 10 min, to generate two immiscible liquid layers and to separate the aqueous phase 324 containing DNA (upper layer) from an organic phase (bottom layer), and the upper aqueous 325 supernatant was collected (Fig. 3) . We developed our two-step DNA extraction method consisting of (step 1) DNA extraction 350 using Rai's lysis buffer, followed by (step 2) overnight DNA extraction using acidified ammonium 
supernatants were removed, and the precipitates were washed with 1 mL of 100% ethanol and 1 mL 385 of 70% ethanol followed by centrifugation at 10,000  g for 2 min. After the ethanol had been 386 decanted, the precipitates were air dried and then resuspended with 30 µL TE (10 mM Tris-HCl and 387 1 mM EDTA). DNA concentrations in 30 µL of TE were evaluated at 260 nm 388 spectrophotometrically using a NanoDrop2000 spectrophotometer (Thermo Scientific, USA), and 389 DNA yields from the natural allophanic soils were then calculated by the volume of TE and sample (Fig. 2 ) (e.g. Schaetzl and Thompson, 2015) .
404
To further purify the DNA extracts from the buried soil horizon on Rotoma tephra, two 
409
Invitrogen) and the DNA band or smear was extracted for gel purification using the GenScript
410
QuickClean II Gel Extraction Kit. In addition, the use of humic-acid removal solution and activated 411 charcoal prior to DNA extraction was also included (described below in section 3.3.1.1). The 412 efficiency of each of these five purification techniques (Table 2) was assessed with regard to final 413 DNA yield, purity, and amplification success using four primer pairs (section 3.4). Four universal primers (Table 3) were used to assess PCR amplification success resulting 449 from the five different purification methods ( Humics removal Add 400 µL of humics-removal solution, 50 µL of 10% charcoal suspension, and 50 µL of 100 mM MgCl2, and then vortex or shake for 5 min. Centrifuge at 10,000  g for 2 min. Decant the supernatant.
1st step of DNA extraction
Add 500 µL DNA extraction buffer to the soil pellet, vortex, and then incubate the tube at 95 °C for 10 min with shaking in a thermomixer.
Add 50 µL of 3 M sodium acetate and 500 µL of phenol-chloroform into the tube. Shake the sample vigorously and mix on a rotator for 10 min and decant the supernatant after another centrifugation at 10,000  g.
Collect the top aqueous layer into a new 2-mL tube for subsequent DNA purification.
2nd step of DNA extraction
In the original tube, decant the remaining phenol-chloroform and then add 500 µL of acidified ammonium oxalate to the residual soil pellet (i.e. soil remaining from 1 st extraction). Put sample on a rotator at room temperature for overnight mixing.
Add 50 µL of 3 M sodium acetate and 500 µL of phenol-chloroform into the tube. Shake the sample vigorously and mix on rotator for 10 min. Decant the supernatant after centrifugation.
DNA gel purification Mix the collected extract with 5 M NaCl (the volume ratio of NaCl to extract is 1/3) and 10% CTAB (the volume ratio of CTAB to extract is 1/3), followed by 65 °C incubation and mixing for 10 min on a thermomixer. The mixture is then shaken with 750 µL of chloroform for 10 min on a rotator at room temperature and centrifuged at 10,000  g for 10 min. Collect the upper layer and mix it with an equal volume of 20% PEG 8000, and leave sample at room temperature for at least 10 min. After centrifugation for 15 min at 10,000  g, discard supernatant carefully and keep the precipitate. Rinse the precipitate with 1 mL of 100% ethanol, and re-suspend the precipitate with 30 µL of TE b .
Load the DNA solution on a 1% agarose gel and electrophoresis for 30 min, and then cut out the DNA band within the gel using a sterile blade. Place the cut DNA band (in the agarose gel) into a 1.5-mL tube and add 3 volumes of DNA binding buffer to 1 volume of gel slice from the GenScript QuickClean II Gel Extraction Kit; solubilise the gel at 55 °C for 10 min, and purify the DNA using the kit instructions.
471
Footnotes next page 472 a Field-moist soil is used to help prevent irreversible changes to the allophane-organic complexes 473 and to reduce possible bond strengthening between these on drying (see text). Yields are expressed 474 relative to the mass of oven-dry soil, however, and hence moisture contents (oven-dry) need to be 475 measured. 
Summary of new method

485
The two-step DNA extraction and gel purification method is summarised in Table 4 (see also 
Results
490
DNA extraction from synthetic allophanesalmon-sperm-DNA complexes
491
Using the synthetic allophanesalmon-sperm-DNA complex, only acidified ammonium 492 oxalate was able to successfully extract DNA from synthetic allophane (Fig. 4) , indicating that 493 acidified ammonium oxalate treatment indeed provides a means to dissolve allophane spherules and 494 nanoaggregates to release DNA bound to the allophanic matrix. In contrast, Rai's lysis buffer, both 495 alone and with bead-beating, was ineffectual, yielding no DNA (Fig. 4) . Rai's lysis buffer; B: Rai's lysis buffer with bead-beating; C: ammonium oxalate extraction; D-1: first step of 499 two-step DNA extraction; D-2: second step of two-step DNA extraction (Fig. 3) . 500 501 
DNA extraction from the natural allophanic soils on Taupo, Whakatane, and Rotoma tephras
Effects of Rai's lysis buffer and bead-beating on DNA yield and fragment length
503
DNA extraction from three soil samples using Rai's lysis buffer allowed 26.8, 4.7, and 7.1 µg 504 g -1 soil (ODS basis) of DNA to be extracted from the soil horizons on Taupo, Whakatane, and
505
Rotoma tephras, respectively, and bead-beating combined with Rai's lysis buffer seemed not to 506 increase DNA yield from the three soil samples (Fig. 5A) . Instead, the mechanical lysis step 507 involving bead-beating appeared to fragment (shear) the DNA from >12 kb to 2−12 kb (Fig. 5A ),
508
particularly evident in the Taupo extracts. 
Effects of oxalate extraction on DNA yield
515
The effect of ammonium oxalate extraction differed between synthetic allophane and natural 516 allophanic soils. Using the synthetic allophanesalmon-sperm-DNA complex, acidified ammonium 517 oxalate yielded a higher DNA yield than treatment with alkaline lysis buffer (Fig. 4) . In contrast, 518 when a one-step ammonium oxalate treatment was applied to natural allophanic soils, no DNA yield 519 was observed (Fig. 5B) . This finding indicates that the natural allophanic system differs somewhat 520 from the synthetic model. However, when ammonium oxalate was used in the two-step DNA 521 isolation method, DNA was obtained upon ammonium oxalate treatment at step 2 for all three soil 522 horizons on the tephra layers ( Figure 5C ), leading to a DNA yield of up to 44.5 µg g -1 (measured 523 spectrophotometrically) from the buried soil horizon (3ABb) on Taupo tephra. This result shows that 524 the use of Rai's lysis buffer prior to ammonium oxalate treatment is essential for effectively releasing 525 mainly microbial DNA, and any unbound (extracellular) DNA, from natural allophanic soils. We 526 deduce that this finding is likely to be a consequence of residual alkaline buffer from step 1 527 increasing the pH of the solution in step 2 (soil pH at this step was measured as 6). Purification of the DNA extract from the soil horizon (5Ahb) on Rotoma tephra using NaCl,
536
CTAB, and chloroform (see section 3.3) resulted in 8.7 µg g -1 soil (ODS basis) of DNA, but the 537 purified DNA was not amplifiable with selected primers (Table 2 ). The poor A260/A230 reading of the 538 purified DNA using NaCl, CTAB, and chloroform showed a significant presence of impurities at 230 539 nm which inhibited PCR. Attempts to remove humics using the humics-removal solution and 540 charcoal prior to the two-step DNA extraction resulted in no significant improvement in DNA purity 541 nor amplification success (Table 2) . Nevertheless, the use of the humics-removal process prior to 542 two-step DNA extraction increased the overall DNA yield by ~1 µg g -1 .
543
Following the use of Zymo Research and GenScript DNA clean-up kits on extracted DNA 544 from the soil horizon on Rotoma tephra, 3.2 and 8.6 µg g -1 soil (ODS basis) of purified DNA were 545 obtained, respectively. However, in both cases PCR amplification was only successful for one of the 546 five primer pairs, 16S rRNA (Table 2 and Fig. 6 ). This result is expected because bacterial DNA is 547 ubiquitous and generally present in a much higher concentration than insect or plant DNA (e.g. despite lower total DNA yields (1.9 µg g -1 soil, ODS basis).
identify five plant families, including native New Zealand forest and scrub genera/species (Table 5) 554 and an exotic species (Eucalyptus). 1 , and trnL g−h (plant) 2 primers. The DNA templates were extracted from the buried 566 allophanic soil horizon (5Ahb) on Rotoma tephra (Fig. 2) using the two-step extraction. Each extract was 567 purified using gel electrophoresis followed by GenScript QuickClean II Gel Extraction Kit and amplified 568 separately with different primers. PCR was undertaken using DNA extracted from multiple subsamples from 569 the same soil horizon on Rotoma tephra, and the PCR amplicons were very similar to the results shown here. hydroxyl groups (Parfitt, 1980 (Parfitt, , 1990 Wada, 1989) , and secondly it also releases DNA encased and 592 physically protected within nanopores. This is an important finding because it demonstrates that the 593 use of ammonium oxalate not only enables substantial environmental DNA to be extracted from 594 allophanic soils but also offers a potential approach for differentiating between (1) ancient 595 extracellular DNA both chemically bound to the matrices and physically adsorbed, and (2) modern or 596 near-modern DNA.
597
The application of ammonium oxalate extraction on natural allophane soils was only 598 successful following the initial extraction with Rai's lysis buffer. The DNA yield obtained upon one-599 step ammonium oxalate extraction was much lower than that derived in the two-step ammonium 600 oxalate extraction, or negligible. This outcome indicates that Rai's lysis buffer is required prior to 601 oxalate treatment to enable effective dissolution of natural allophane and hence the release of DNA 602 from allophanic soils. The first extraction using Rai's alkaline lysis buffer appeared to buffer the pH 603 of the soil solution so that the ammonium oxalate extraction (at pH 3) would not severely damage the 604 extracted DNA because the extract obtained after the second step of DNA extraction remained at pH 6. In fact, the DNA yield obtained using Rai's buffer was significantly higher for the natural 
614
For reasons noted earlier in section 2.1, we used field-moist rather than laboratory-dried soil 615 in applying our extraction method to natural allophanic soils because the process of drying an 616 allophanic soil sample could, in itself, prevent the complete removal of adsorbed DNA from it. Despite the high DNA loss, gel electrophoresis followed by gel purification enabled the DNA 629 extracted from the sand-rich buried andic soil horizon (5Ahb) on Rotoma tephra at the Brett Rd site 630 to be successfully amplified, cloned, and sequenced via Sanger sequencing. From this, DNA of 631 several New Zealand indigenous plants, and an exotic plant, were identified in the 5Ahb horizon 632 (Table 5) . However, the plants currently growing on the land surface at the Brett Rd site today are 633 largely European grasses (composed mainly of Poaceae, Fabaceae, Asteraceae, Ranunculaceae, 634 Oxalidaceae, and Plantaginaceae). Therefore, the plant DNA extracted from the buried soil horizon 635 on Rotoma tephra may have originated from previous vegetation growing at the site.
636
Other DNA purification methods used in this study were less efficient at removing humics 637 and, as a result, PCR amplification was largely unsuccessful. Chloroform, used in the purification of 
Potential applications of the DNA extraction method
654
DNA sequencing results from the buried soil horizon (5Ahb) on Holocene-aged Rotoma 655 tephra showed that vegetation dating to a time before that of the present can be accessed using the 656 DNA extraction protocols developed in this study (Table 4, Fig. 3) . Therefore, our method should be 657 useable to access paleoenvironmental DNA (PalEnDNA) that has been protected within such soils, 658 enabling the novel study of past terrestrial environments or paleoclimates using such DNA extracted 659 from successions of allophanic paleosols on tephra deposits of known age. Even though New New Zealand using this two-step method.
690
(2) Following the DNA extraction, we evaluated different DNA purification methods. Gel 
